Through the shuffling of predefined modular zinc finger domains with predictable target site recognition in vitro, we have generated a large repertoire of artificial transcription factors with five zinc finger domains (TF ZF s). Here we report an effective strategy for the selection of ATF libraries by coupling expression of transcriptional activators of the promoter of interest to the enhanced production of retroviral vector particles transferring the TF ZF encoding gene. Using this strategy, we successfully selected specific TF ZF s that upregulate the expression of the -globin promoter. Selected transcription factors induced the expression of -globin when coupled to an activation domain and reduced expression when linked to a repression domain. This new retroviral approach might be used to select other TF ZF s but might also be generalized for the selection of other protein and small-molecule interactions.
Artificial transcription factors (ATFs) are proteins that are designed to specifically bind to DNA and modulate gene expression. Modular zinc finger DNA-binding domains allow for the assembly of zinc finger transcription factors (TF ZF ) with predictable target site recognition in vitro. Typically, a single zinc finger domain binds a 3-base pair (bp) DNA sequence through the formation of specific contacts that occur primarily within the major groove of the DNA. Our laboratory and others have successfully generated ATFs that target unique sites within complex genomes [1] [2] [3] [4] [5] . ATFs have been designed and constructed for the regulation of various genes, such as those encoding ErbB2, ErbB3, VEGF, AP3 and EPO 2, 4, [6] [7] [8] . Although direct design and synthesis of TF ZF s has been successful in many cases, this rational design strategy is often limited by a lack of information about both the regulatory areas of the target gene and the endogenous factors affecting transcription factor-DNA interactions, for example, endogenous transcription factors, chromatin structure and DNA accessibility, that affect gene expression 4, 8 .
To overcome this limitation, we have generated large repertoires of zinc finger proteins through combination of the available zinc finger domains. When fused to a desired effector domain, these zinc finger libraries can be used as genome-wide screening tools for selection of novel functional TF ZF s. Previously, we reported construction and selection of TF ZF libraries based on the modulation of cell-surface t e c h n i c a l r e p o r t s β-thalassemia 19 . Treatment with these compounds, however, produces a range of serious side effects, preventing long-term treatment. A possible gene-based therapeutic intervention for these patients is the induction of fetal hemoglobin expression by an artificial transcription factor [20] [21] [22] . In our laboratory, we designed the artificial transcription factor gg1-VP64 and demonstrated that it increased the expression of endogenous γ-globin 21, 23 .
In this study, we selected for modulators of expression of the globin promoter from a library of TF ZF s by coupling viral particle production with targeted promoter activation. We studied the coupling of a viral particle production phenotype with a defined phenotype of interest to explore the efficiency of this type of selection protocol. We then analyzed the selected transcription factors for their ability to modulate transcription of reporter constructs and cell lines that mimic endogenous human γ-globin gene expression profiles. Several of the selected transcription factors bound to the γ-globin promoter directly and upregulated human γ-globin gene expression in mouse β-YAC cells.
RESULTS

Coupling gene activation and retroviral particle production
We developed a library of zinc finger transcription factors that each recognizes a 15-bp target site. The 1.7 × 10 7 member library of proteins containing five zinc finger domains (the 5-ZF library) library provided a repertoire consisting of an equimolar mixture of a subset of defined zinc finger DNA sequences specific for binding to GNH (H represents A, C or T) and ANN subsites at each finger position. The defined pool excludes GNG domains, which in some cases have been implicated in target site overlap interactions that decrease zinc finger domain modularity. The resulting 5-ZF DNA-binding protein coding sequence was fused to the VP16-derived transactivation domain VP64 and cloned into the retroviral transfer vector pMX-5ZF-Lib-VP64, which expressed TF ZF via the viral long terminal repeat (LTR) and green fluorescent protein (GFP) from an internal CMV promoter.
To select for activators of the γ-globin gene, we constructed a plasmid (pPur-γ-gp) in which murine leukemia virus (MLV) gag-pol expression is driven by the γ-globin promoter. This plasmid encodes the γ-globin promoter fragment sequence from −206 to +47, relative to the start of transcription. Also included in pPur-γ-gp were DNase I-hypersensitive sites 2 and 3 from the β-globin LCR. This portion of the LCR contains enhancer elements that are important for high-level activation of the entire β-globin locus 24 . MLV gag-pol genes encode the major structural and enzymatic proteins necessary for formation of virions when expressed with an envelope gene. In this case, we used the VSV envelope to pseudotype viral particles, as it enables high infectivity. The virions package a viral transfer vector, in this case pMX-5ZF-Lib-VP64, thus introducing the TF ZF gene into the genome of target cells (Fig. 1) .
The key feature for this selection is the coupling of the expression of transcriptional activators of the γ-globin promoter to the enhanced production and release of retroviral vector particles that specifically package and transfer the gene encoding the TF ZF responsible for activation. Cells that express γ-globin promoter activator show increased expression of MLV gag-pol genes, leading to increased viral particle production and quantitatively greater transduction of target cells.
Selection of transactivators of the γ-globin promoter
To begin the selection, we transfected pPur-γ-gp, pMX-5ZF-Lib-VP64 and a VSV-envelope (pMD.G) plasmid into human embryonic kidney (HEK) 293T cells. After 2 d, we collected the supernatant and used it to transduce fresh HEK 293T cells. After expansion, we again transfected these cells with pPur-γ-gp and VSV envelope (see Online Methods). For the next selection round, we used the supernatants to transduce fresh HEK 293T cells. After harvesting of the supernatant following that step, we collected the producer cells and analyzed their genomic DNA ( Fig. 1) . We PCR amplified the retrovirally integrated zinc finger pools and recloned them into the pMX-VP64 vector, and carried out five rounds of selection. We then transfected the resulting pMX-5ZF-VP64 library constructs into HEK 293T cells to enable characterization of the selected zinc finger variants using a transduction-efficiency test. The number of GFP-expressing cells was analyzed by flow cytometry. Included in each experiment was a positive control, pMX-gg1-VP64-CMV-GFP, which encoded a designed zinc finger protein previously shown to strongly activate γ-globin expression 21 .
With each selection round, the number of GFP-expressing cells increased. After the fifth selection round, 79% of cells expressed GFP (Fig. 2) . This was a nearly nine-fold increase compared to cells transfected with the starting library (9% GFP-expressing cells) or the non-DNA-binding control zinc finger (Ala-VP64, 10% GFPexpressing cells). When transfected with the positive control, pMX-gg1-VP64, 75% of cells expressed GFP (Fig. 2) .
To further analyze the ability of the selected zinc finger variants to activate the γ-globin promoter, we tested their ability to upregulate luciferase expression in the γ β-luc construct. Similar to the pPur-γ-gp vector, γ β-luc encodes the γ-globin promoter fragment from −206 to +47, relative to the start of transcription, and also includes the DNase I-hypersensitive sites 2 and 3 from the β-globin LCR 21 . This plasmid also encodes a β-globin promoter fragment consisting of the sequence from −206 to +47 relative to start of transcription, which drives expression of Renilla luciferase. By this method, specific activation of the γ-globin promoter is determined by dividing the firefly luciferase values with Renilla luciferase values. We co-transfected HeLa cells with the pMX-VP64 plasmids, expressing the selected transcriptional t e c h n i c a l r e p o r t s activators, and γ β-luc. With each selection round, luciferase activity increased. The pool of the selected variants after the fifth selection round showed a 3.6-fold increase in luciferase activity compared to cells transfected with the starting library or with the non-DNA-binding control Ala-VP64 ( Fig. 2) . This was slightly less expression than we observed in cells transfected with the positive control pMX-gg1-VP64, which produced a 5.3-fold increase relative to untransfected cells. Thus, we were able to select for zinc fingers that strongly upregulated expression from the γ-globin promoter and enhancer region.
Characterization of selected zinc-finger transactivators
We analyzed further a total of 15 individual clones from the fifth round of selection. Transfection with seven of the individual clones resulted in more than double the number of GFP-positive HEK 293T cells when compared to transfection with the non-DNA-binding control Ala-ZF. Clones #γA-VP64 and #γL-VP64 increased the number of GFP-positive cells 7.3-fold and 7.8-fold, respectively, a level comparable to that of the positive control pMX-gg1-VP64 ( Supplementary Table 1 ). Next, we investigated whether the selected TF ZF s were able to modulate expression from the γ-globin promoter in the luciferase reporter system. The strongest activators in this assay, #γA-VP64, #γK-VP64, #γL-VP64 and #γM-VP64, showed between 2.9-fold and 3.9-fold increase in luciferase activity when compared to the non-DNAbinding control Ala-ZF-VP64; the positive control pMX-gg1-VP64 increased expression 5.8-fold ( Supplementary Table 1 ). These data demonstrate that our selection system can be used to select clones that strongly upregulate the γ-globin promoter.
Binding of selected zinc finger to γ-globin promoter target site We analyzed the γ-globin promoter and the DNase I-hypersensitive sites 2 and 3 from the β-globin LCR as well as the plasmid backbone of the pPur-γ-gp vector using the Zinc Finger Tools software (http:// www.zincfingertools.org) to identify putative DNA-binding sites. For six of the zinc finger proteins that strongly activated expression from the γ-globin promoter, we could find no binding site with less than four mismatches in the γ-globin promoter and the DNase I-hypersensitive sites 2 and 3 or the pPur-γ-gp vector backbone.
A target site search using the zinc finger domains of #γA identified the site 5′-GAT GCC GTT TGA GGT-3′ on the reverse strand, 301 nucleotides (nt) upstream of the site of transcription initiation; this site contains a 3-nt mismatch. To determine the binding affinity of #γA to this target site, we performed an electrophoretic mobility shift assay (EMSA) with a purified #γA-maltose-binding fusion protein (MBP). The calculated K d value of #γA with this DNA target was 3.2 nM (data not shown).
Because we found that the predicted 15-bp target site of the #γA protein was not the optimal site for this zinc finger, we optimized the 5-ZF protein for specific binding to this particular site using rational design. We replaced three of the five zinc finger domains with domains that we determined to have better specificity for this sequence. The modified protein, #γA-opt, was composed of the following α-helical zinc finger domains: F1-GGT (TSGHLVR), F2-TGA (QAGHLAS), F3-GTT (TSGSLVR), F4-GCC (DCRDLAR) and F5-GAT (TSGNLVR). This represents a zinc finger clone that had not been present in the starting library, which did not contain zinc finger DNA sequences specific for binding TNN subsites. The K d of purified MBP-#γA-opt for the target site DNA was 7.1 nM (data not shown). We had expected a slight reduction in binding affinity because the incorporated domains were chosen on the basis of specificity rather than affinity. In transduction efficiency and luciferase activity assays, #γA-opt-VP64 induced an increase in activity similar to that induced by the parental #γA-VP64 construct (Supplementary Table 1 ).
Downregulation of γ-globin promoter
To analyze the variants' ability to also repress expression of the γ-globin promoter, we subcloned the four selected zinc finger clones (#γA, #γL, #γK and #γM) showing the strongest activation in the reporter assays, as well as gg1, Ala and #γA-opt, into the pMX retroviral vector as fusions to the transcriptional repressor Krüppel-associated box (KRAB). We tested the resulting constructs (#γA-KRAB, #γL-KRAB, #γA-KRAB, #γA-opt-KRAB, #γL-KRAB, #γK-KRAB and #γM-KRAB gg1-KRAB) for repression in luciferase assays. #γL-KRAB, #γK-KRAB and #γM-KRAB did not repress expression from the γ-globin promoter when compared to the non-DNA-binding Ala-ZF-KRAB. In contrast, #γA, which may bind directly to a sequence in the γ-globin promoter, showed a 55% reduction in luciferase activity, similar to that of the positive control pMX-gg1-KRAB ( Fig. 3) . Notably, the optimized TF ZF #γA-opt-KRAB showed an even stronger reduction, with 64% decreased luciferase activity when compared to Ala-ZF-KRAB ( Fig. 3) . Thus, these data show that exchange of the transactivator domain VP64 with the transcriptional repressor domain KRAB produced repressors of the γ-globin promoter, indicating direct regulation through binding of the target sequence.
Analysis of human γ-globin gene expression in mouse β-YAC cells
Encouraged by the high level of promoter activation in the reporter assays, we investigated the regulation of the endogenous γ-globin gene by the selected ATFs. We fused full-length cDNAs of #γA, #γL, #γK #γM and control zinc fingers to the activation domain VP64 under t e c h n i c a l r e p o r t s the control of a CMV promoter (in a pcDNA3.1-hygro context). We transfected these constructs into established immortalized cells that were derived from the bone marrow of β-YAC transgenic mice expressing exclusively β-globin from the YAC; YAC-derived γ-globin is not detectable either in these mice or in the derivative cells 23 . In these cells, human γ-globin expression can be reactivated by various treatments, and the endogenous mouse globin genes maintain their native expression profiles.
We generated pools of β-YAC cells stably expressing the TF ZF s and used quantitative RT-PCR to assess γ-globin expression. Levels of TF ZF transcription ranged from approximately 0.4 to 1.2 relative to GAPDH gene expression, as measured by RT-PCR (data not shown). We observed γ-globin expression in each of these cell lines. Human β-globin expression was not increased in cells expressing any of the TF ZF s (data not shown); in fact, in some instances it decreased reciprocally with the increase in γ-globin, as expected when γ-globin and β-globin genes compete for interaction with the LCR. The total β-like globin chain balance was maintained in these cells, and mouse α-globin levels also were unchanged (data not shown). In cells stably expressing #γM-VP64, γ-globin was expressed at a level similar to that in cells expressing the positive control gg1-VP64 (Fig. 4) . These data indicate that all 4 of the 15 TF ZF s analyzed reactivated transcription of the endogenous γ-globin gene.
DISCUSSION
We report a new strategy for selection of zinc finger transcription factor regulators of the promoter and enhancer region of γ-globin. This system couples activation of a promoter to the increased production of retroviral particles that encode the regulatory zinc finger protein. After five rounds of selection, we successfully selected specific modulators of γ-globin expression from a library of 1.7 × 10 7 TF ZF s. The TF ZF s that were selected after the fifth round of selection showed activation of the γ-globin promoter comparable to that of the rationally designed activator of the γ-globin promoter gg1-VP64, as measured by the transduction-efficiency test. Thus, the number of selection rounds performed seemed sufficient for the selection carried out in this study. However, more rounds of selection might lead to an increase in selection efficiency. Many of the selected clones from the 5-ZF library induced substantially more luciferase than controls. Some of the selected clones, when fused to the activation domain VP64, showed levels of activation similar to that of gg1-VP64. Additionally, the selected TF ZF s were able to substantially induce human γ-globin expression in adult bone marrow cells derived from β-YAC transgenic mice. These experiments suggest that selected transcription factors, should they ultimately prove specific, could be used to treat patients suffering from sickle cell or thalassemic diseases. The efficacy of zinc finger-based therapeutics agents has been demonstrated in mouse models, and human studies are ongoing 25, 26 .
Previously, we selected TF ZF libraries for transcriptional activators of different cell-surface markers 9, 10 . The selection method we used was time-consuming and laborious, as after each round of selection the selected library had to be recovered from genomic DNA and then recloned into an expression vector; each selection round took 2-3 weeks. The selection system presented here eliminates the need for a laborious cloning process after each selection round, reducing the time needed for each round to less than 1 week. As transduced cells are used directly as producer cells for the next selection round, cloning and PCR steps that introduce mutations are avoided. Moreover, this method is not limited to selection of activators of cell-surface markers and, thus, should be generally useful. The promoter region of any transcript of interest, including promoters of noncoding RNAs, such as microRNAs, might in principle be used in the selection. This method differs significantly from the OPEN bacterial selection approach 27 , which has been shown to work for the selection of three-finger zinc finger proteins that bind defined 9-bp target sites, as well as our phage-based approach 28 , which can be used to select proteins against larger DNA fragments. In this new approach, selections are performed in a mammalian cell background, taking into account chromatin structure and the potential to select for indirect activators that act elsewhere in the mammalian genome.
One of the strongest activators of the γ-globin promoter, the fivefinger zinc finger #γA, interacted directly with a fragment of the γ-globin promoter encompassing positions 301-315 relative to transcriptional start site. Despite a predicted 3-bp mismatch, the selected zinc finger bound to the promoter-derived oligonucleotide with an affinity of 3.1 nM, slightly weaker than that of the rationally designed six-finger TF ZF gg1, which bound with a K d of 0.7 nM to its target site in the γ-globin promoter 21 . The five-finger library used here excluded 
Zinc finger activator Rel. luc. act. (RLU) Figure 3 Selected TF ZFs shows repression of γ-globin promoter expression when fused to the repressor domain KRAB. HeLa cells were transfected with TF ZF s fused to KRAB (#γA-KRAB, #γA-opt-KRAB, #γL-KRAB, #γK-KRAB and #γM-KRAB gg1-KRAB), a luciferase reporter plasmid expressing firefly luciferase under the control of the γ-globin promoter and Renilla luciferase under the control of the β-globin promoter. Specific activation of the γ-globin promoter was calculated by normalizing to Renilla luciferase values (relative luciferase activity (Rel. luc. act.) in relative luciferase units (RLU)). Error bars represent s.d. Normalized luciferase activity of the selected TF ZF s was compared to that of cells transfected with the non-DNA-binding negative control Ala-KRAB and the positive control gg1-KRAB. For Ala-KRAB versus #γA-KRAB, P = 0.00018; for Ala-KRAB versus #γA-opt-KRAB, P = 9.6 × 10 −5 (Student's t-test) . t e c h n i c a l r e p o r t s CNN domains, preventing reselection of gg1 target site-binding TF ZF s. When the #yA zinc finger was linked to the repressor domain KRAB, luciferase expression from the γ-globin was repressed. Thus, the method described here can also be used for the selection of activators or repressors of a promoter of interest. In addition to identifying TF ZF s that modulate gene expression, this approach might be used to identify zinc finger proteins that target the activities of zinc finger enzymes such as methylases, nucleases and recombinases 23, [29] [30] [31] [32] [33] [34] .
For many of the selected clones we were unable to define a definitive binding site on the γ-globin promoter fragment used in the selection. It is possible that these clones recognize degenerate sequences in the promoter region or regulate a gene elsewhere in the genome of the cell that ultimately affects γ-globin expression. Using reliable parameters for prediction of the zinc finger target sites, the strongest activator in luciferase reporter assays, #γL, was not predicted to bind to the γ-globin promoter. This TF ZF might regulate a gene involved in γ-globin expression or regulate a gene involved in posttranscriptional modification, and therefore this approach might be applicable to the identification of regulatory genes of a defined promoter. We identified TF ZF s that were direct regulators of the γ-globin promoter and showed that they induce expression of the endogenous γ-globin gene in immortalized cells derived from the bone marrow of β-YAC transgenic mice, which otherwise exclusively express β-globin. Thus, these TF ZF s are potential candidates for the development of TF ZF therapy of sickle cell patients.
In conclusion, we have developed a new and efficient method to identify functional zinc finger proteins that regulate a targeted promoter by screening large combinatorial libraries of TF ZF s. The method couples the increased expression from a promoter of interest to the enhanced production and release of retroviral vector particles that specifically package and transfer the gene responsible for upregulation. This method should be amenable to adaption to other types of selections. For example, selection of receptor activators that lead to induction of a specific promoter could be coupled to virus production and could therefore be used for the identification of proteins other than transcription factors that function within the context of particular mammalian cell type.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
